Considering the effect of phase fluctuations, we investigate the Anderson-Higgs mechanism in the pseudogap region of the underdoped cuprates. In the effective Ginzburg-Landau model, it is found that the longitudinal component of the phase of the order parameter can be removed by a special gauge transformation while the transeverse component persists in any case. We obtained an inhomogeneous London equation for the gauge potential which exhibits different features from the conventional Meissner effect. *
Spontaneous symmetry breaking, which occurs when an invariance of the Hamiltonian of a physics system is not an invariance of its ground state, is one of the most important concepts in modern physics [1, 2] . The first physical theory that exhibits spontaneous symmetry breaking is the brilliant Bardeen-Cooper-Schrieffer (BCS) theory [3, 4] of conventional superconductors. The BCS action is invariant under the U(1) global transformation
where c kσ is the annihilation operator of an electron with momentum k and spin σ and ω is an arbitrary constant, while in the superconducting state the nonvanishing vacuum expectation value c k↑ c −k↓ caused by Cooper pairing breaks this symmetry. It is argued [2, 5] that the symmetry breaking itself is sufficient to derive the most striking characteristics of superconductivity, As a first step to answer this question, in this paper we take the Meissner effect as an example. More than four decades ago, Anderson [12] made a key observation that in a superconductor when there is long-range electromagnetic force the gapless Goldstone mode arising from the breaking of U(1) gauge invariance disappears from the theory and the photon acquires a finite mass, which is the manifestation of the Meissner effect. This mechanism was latter introduced by Higgs [13] to the relativistic quantum field theory and generally called Anderson-Higgs mechanism. As is known, one of the results of the Anderson-Higgs mechanism is that the phase (Goldstone mode) of the order parameter can be removed from the theory by long-range electromagnetic force. Keeping this point in mind, we would like to know what happens if the phase of the order parameter is a thermally fluctuating one, as it is in the region of pseudogap. In this letter, we investigate this issue and find that if we resolve the phase field into longitudinal and transverse components the former disappears from the theory and does not affect the physics in the presence of electromagnetic field but the latter persists anyway.
To show how Anderson-Higgs mechanism works in conventional superconductors, it is convenient to use the Ginsburg-Landau model [14] as follows
where the complex scalar field φ is the Cooper pair wave function and
Here m is the effective mass of an electron. The electromagnetic field tensor
For α > 0 the system stays in its symmetric phase and for α < 0 vacuum degeneracy and symmetry breaking take place, while the coefficient β is always positive according to the Landau phase transition theory.
The Lagrangian (2) is invariant under the U(1) gauge transformation
where ω (x) is an arbitrary coordinates dependent function.
In the symmetry breaking case, the ground state occurs at
Expanding the Lagrangian (2) around this ground state, we write the scalar field as
where η (x) and θ (x) are the amplitude and phase fluctuations of the order parameter, respectively. Substituting the expression (6) into the Lagrangian (2), we get
where V (φ) = −α |φ| 2 − β 2 |φ| 4 . Note that the phase field θ (x) of the order parameter enters the Lagrangian only through its gradient form and hence represents the gapless Goldstone boson. Taking advantage of the gauge invariance, we may adopt a particular unitary gauge to remove the phase field θ (x) from the theory.
In particular, letting
we have
Usually the phase field θ (x) is analytic and ∂ µ ∂ ν θ − ∂ ν ∂ µ θ = 0. Therefore the first term of (9) can be written as the familiar form 1 4 F µν F µν . Now we see that the Goldstone mode disappears and does not affect the physical properties and the photon becomes massive which is interpreted as the Meissner effect [14] .
However, the cuprate superconductors are quite differente from the conventional superconductors in that they are doped Mott insulators which have low superconducting carrier density [8] . As a consequence, the phase stiffness of the order parameter is relatively small indicating a significant effect of phase fluctuations on the various physical properties. To avoid complexity, we consider only classical phase fluctuations assuming that other fluctuations are unimportant, which is shown by Emery and Kivelson [15] to be a good approximation. Above the BKT transition temperature T BKT (one can identify it as the superconducting critical temperature), single vortex begins to appear [16] and the superconducting long-range order is destroyed by the free vortices. Around a vortex, which is a topological excitation of the superconducting current, the phase angle of the Cooper pair wave function changes by 2nπ with n an arbitrary integer. In this region, the phase field θ (x) is not analytic function and generally ∂ µ ∂ ν θ − ∂ ν ∂ µ θ = 0. Therefore the phase of the order parameter can not be eliminated from the theory completely due to the effect of vortices, even if when gauge field is introduced to the action.
In our case, we do not consider the Abrikosov vortex by simply assuming that external magnetic field is not strong.
To reduce the degrees of freedom of the theory, we decompose the phase into the form 
we obtain
or
It can be seen from the Lagrangian that the longitudinal component θ s disappears while the transverse component survives the gauge transformation (11) . The last term of (13) consists of the mass term for gauge field, the kinetic energy of the superfluid and the interaction of gauge field and superfluid velocity. In the case of cuprates it is generally assumed that the essential physics is confined in the Cu-O plane with interlayer couplings neglected, based on which the BKT type transition can be introduced to describe the pseudogap. From now on, we drop the z-dependence of θ v and the time-dependence of all the quantities for simplicity. Further, we consider only a single vortex located at position x=0 with vortex charge q = 1. From the Lagrangian (13) we derive the equations for A and θ v (neglecting the fluctuations of the amplitude η aroud the ground state) as follows
where µ = −αe 2 /mβ and ζ = αe/mβ. Since θ v is the transeverse component, ∇ 2 θ v = 0, we get the Coloumb gauge ∇ · A =0. Then the equation (14) becomes
which without the inhomogeneous term is just the London equation for the magnetic field in a superconductor.
Since ∇θ v = 2mv t s is transverse, it can be written as [16] ∇θ
where z 0 is a unit vector perpendular to the plane and the Laplacian Green function in two dimensions is [16] G
with R the linear dimension of the sample, a the radius of the vortex and C an arbitrary constant.
Using equations (17) and (18), we obtain the equations for gauge field
When the inhomogeneous terms in the right-hand sides of (19) and (20) are absent, we get the usual London equations which lead to exponentially decaying behaviors of A x , A y and A z . The inhomogeneous terms change significantly these behaviors and cause a "modified Meissner effect". Our derivation of this result does not specify the symmetry of the gap and should be applicable to both s-wave and d-wave superconductors.
In conclusion, taking into account the phase fluctuations in the pseudogap region, we have shown that the longitudinal component of the phase of the order parameter can be eliminated via a special gauge transformation (Anderson-Higgs mechanism). This is consistent with previous results of Millis and co-workers [17, 18] , who stated that the longitudinal fluctuations are strongly suppressed by the Coulomb interactions. On the contrary, the transverse component of the phase stays in the action all the time, owing to its singularity induced by free vortices, and believed [19] to be responsible for many anomalous properties of the underdoped cuprates. As a result, the photon acquires not only a finite mass but also a direct coupling to the transverse superfluid velocity. From the Lagrangian (13), we derived the equation for the gauge potential A which is different from the conventional equation in that it has an inhomogeneous term proportional to the transverse superfluid velocity. Therefore, in the superconducting region arround a vortex (above T c ), the magnetic field distribution should be quite different from that of the superconducting state (lower than T c ).
According to the Emery and Kivelson proposal, superconductivity appears in the pseudogap state only over very short space and time scales, which makes it difficult to observe the normal-state remnant of superconductivity [20] . However, making use of the technical achievements, Corson et al. [10] provided the first evidence of the existence of superconducting phase fluctuations. More recently, Xu et al. [11] studied the Nernst effect and showed that external magnetic fields do not pass through the superconductor film except the vortices which consist of normal metals [21] . Note that this result is not inconsistent with our conclusion because the measure-ment of Nernst effect does not give the detailed distribution of magnetic fields in the superconductiong region. We wait for more direct experiments to emerge and probe the effect of the coupling between the gauge potential and the transverse superfluid velocity.
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